ABSTRACT. Concentrations of organic acids in prebiotic soils were presumably low, given limitations in abiotic synthesis and the limited lifetimes of organic molecules before the ultraviolet shield developed on early Earth. Prokaryotes, the first landcolonizing organisms, commonly secrete aliphatic carboxylic acids, and, less extensively, secrete aromatic compounds as siderophores and antibiotics. In contrast, secretion of aromatic acids is considerable for fungi, lichens, and vascular plants. Aromatic acids are also produced by degradation of high-molecular-weight compounds from lignin and tannin, both abundant in vascular plants. The proportion of aromatic carboxylic acids in soil solutions therefore probably increased with the evolution of higher order organisms. As biomass of organisms increased over geological time, concentrations of organic acids in soil solutions and, in turn, the extent of ligandpromoted dissolution of minerals probably increased.
nisms of Fe mobility in paleosols has produced important and widely divergent interpretations of atmospheric conditions on early Earth (Ohmoto, 1996; Holland and Rye, 1997; Ohmoto, 1997; Holland, 1998, 2000b; Beukes and others, 2002; Yang and Holland, 2003) .
Upon colonization of the land surface, organisms would face, among other problems, low concentrations of many nutrients in available water. This problem is also faced by many organisms today. Terrestrial organisms are known to utilize a variety of methods to extract nutrients from mineral surfaces, among which the most prevalent may be the secretion of organic acids (Robert and Berthelin, 1986; Jones, 1998) .
The importance of organic acids in weathering primary minerals has been debated. For example, Drever (1994) reported that oxalate at millimolar concentration had a negligible effect on the dissolution rate of alkali feldspars, but some effect on calcic feldspars and olivine. The author thus argued that the overall effect of organic ligands on the weathering rate of silicate minerals in nature is likely to be small, except perhaps in microenvironments adjacent to roots and fungal hyphae. He pointed out that vegetation should cause an increase in weathering rate through acidification only where the pH is below 4 to 5. Despite these arguments, several lines of evidence suggest that low-molecular-weight organic acids (LMWOA) are essential in the formation of many soils, including Podzols (World Reference Base for Soil Resources) or Spodosols (US Soil Taxonomy), which are characterized by the presence of a highly-leached horizon and by an underlying horizon of Fe and Al accumulation. It is believed that LMWOA are responsible for transport of Fe and Al by chelation, and that precipitation of Fe and Al in the subsoil is caused by microbial breakdown of LMWOA (for example, Lundström, 1994; Lundström and others, 1995) . Similarly, some believe that an abundance of microorganisms and organic compounds is essential to laterite formation (Aleva, 1994) , and that chelation of Fe III by organic compounds secreted by microorganisms plays an important role in the mobilization of Fe in laterites (McFarlane, 1987) . Raven (1995) has argued that in the Mesoproterozoic (1.6 -0.9 billion years ago), land-colonizing organisms probably produced the full range of organic compounds used today, including organic acids and siderophores, to solubilize inorganic nutrient substrates. However, no direct evidence exists documenting the nature and concentrations of organic acids in soils on early Earth. Here, we address two general questions:
Which organic acids might have been present on the early Earth and how did their composition change with time? Can we relate predictions of mineral reactivity to the biological evolution thought to have occurred?
In this study, we will discuss possible evolution of the moieties of LMWOA in the context of a brief summary of the biological evolution on Earth, and will elucidate possible implications of this evolution for basalt weathering over geological time.
evolution of moieties of organic acids
On the early Earth, LMWOA could have been produced by three mechanisms: (1) abiotic synthesis, (2) secretion by organisms, and (3) degradation of high molecular weight (HMW) compounds.
Abiotic Synthesis
The chemistry and temperature of the early atmosphere on Earth is strongly debated (for example, Pavlov and others, 2000 , and references herein). Without general agreement on the chemistry and temperature of the early atmosphere on Earth, it is obviously impossible to predict the prebiotic synthesis of organic molecules unequivocally. Many authors have suggested that organic compounds on a prebiotic Earth with a NH 3 -H 2 -CH 4 -H 2 O atmosphere may have included amino acids and/or polypeptides, sugars, fatty acids (C 2 -C 8 ), nucleic acids, and short chain organic acids such as lactic, succinic, formic, acetic, propionic, and hydroxy-or aminobutyric acids (Miller, 1993; Fenchel and others, 1998) .
However, photochemical oxidation at the ocean surface presumably limited the accumulation of the above-mentioned molecules before development of a strong ultraviolet shield. There are several lines of evidence that CH 4 was abundant in the Archean atmosphere (Pavlov and others, 2000) and that photolysis of methane may have produced a hydrocarbon smog layer that would have shielded the surface from solar ultraviolet radiation (Sagan and Chyba, 1997; Kasting and others, 2001 ). Evidence for terrestrial biomass in 2.6 to 2.8 Ga paleosols (Rye and Holland, 2000a; Watanabe and others, 2000) suggest that a sufficiently strong ultraviolet shield had been developed by that time.
General Overview of Biological Evolution
The earliest putative fossils are about 3.5 billion years old and arguably consist of filamentous and unicellular mat-forming bacteria (Schopf and Walter, 1983; Schopf and Packer, 1987) . Brasier and others (2002) , however, argued that microfossils described by Schopf and Packer (1987) are artifacts formed from amorphous graphite under hydrothermal conditions. Schopf and others (2002) maintained that these fossils are of biological origin. Similarly, Furnes and others (2004) recently reported isotopic and fossil evidence for submarine microbial activity at ϳ3.5 Ga.
The metabolisms of these early organisms are under debate. Some lines of evidence suggest that methanogens, strictly anaerobic microorganisms within the domain Archaea that produce methane during respiration, are very ancient organisms (Habicht and others, 2002) . Similarly, cyanobacteria evolved sometime between 3.5 and 2.5 Ga (Sergeev and others, 2002 , and references herein). For example, Brocks and others (1999) reported molecular fossils of biological lipids in 2.7 Ga shales and argued that these lipids are characteristic of cyanobacteria. Molecular phylogenies and times of divergence of model organisms have also been estimated based on protein sequence analyses. For example, Hedges (2002) argued that Archaea are Ͼ4 Ga old, Bacteria diverged from Archaea about 2.6 Ga, and cyanobacteria originated about 2.6 Ga. However, Graur and Martin (2004) argued that divergence-time estimates of Hedges (2002) were generated through improper methodology.
Evidence for terrestrial biomass, most likely photosynthetic cyanobacteria, has been reported for carbonaceous paleosols of South Africa, dated at 2.6 to 2.7 Ga (Watanabe and others, 2000) . Rye and Holland (2000a) also report evidence for a methanotrophic microbial community associated with a 2.76 Ga paleosol and Retallack and coworkers have summarized various lines of evidence for prescence of microorganisms in Precambrian paleosols (Retallack and Mindszenty, 1994; Retallack, 2001) . Prave (2002) cites evidence for the colonization of land surfaces by 1.2 to 1.1 Ga.
In contrast to the ancient record of prokaryotes, the earliest fossil evidence for eukaryotes is 2.1 billion years old (Han and Runnegar, 1992) . For at least 1.4 billion years, therefore, prokaryotes may have been the only form of life on Earth. Multicellular eukaryotes began to evolve at least 650 million years ago (Raven and others, 1992) . One line of evidence suggests that the oldest fossils of fungi are 400 to 460 Ma old (Remy and others, 1994; Taylor and others, 1995a; Redecker and others, 2000) , and the oldest known fossils of lichens are about 400 Ma old (Taylor and others, 1995b) . However, other researchers (Peterson and others, 2003) point to fossils documenting the evolution of fungi by at least 565 Ma. Others (Retallack, 1994) have argued for a much earlier evolution of fungi and lichen, perhaps in the early Proterozoic (2.5 -1.8 Ga), followed by diversification in the late Proterozoic (1.3 -0.6 Ga). Retallack (1994) has even argued that the late Precambrian may have been the "Age of Lichens".
Lichens, known today usually as symbionts of fungi and algae, may also be symbionts of bacteria with cyanobacteria (Retallack, 1994) . The hypothesis of early evolution of fungi and lichens has, however, been disputed (Waggoner, 1995) . Steiner and Reitner (2001) have argued that a part of the Ediacara-type fossils may therefore represent prokaryotic colonies or symbiotic organisms involving prokaryotes. According to Peterson and others (2003) , the hypothesis that Ediacaran fossils (560 -543 Ma) were functionally fungus-like need not imply that the organisms were members of the crown-group Fungi.
The oldest known fossils of vascular plants are about 400 to 420 Ma old (Edwards and Selden, 1992) . However, Hedges (2002) suggested an earlier origin of the three main multicellular kingdoms (plants, animals, and fungi) at about 1.5 Ga, based on protein sequence analyses ("molecular clocks") and calibration of the time scale using fossil evidence. As mentioned above, Graur and Martin (2004) strongly criticized the molecular clock approach. These observations are nonetheless generalized in table 1 to provide a framework for inferences about organic ligands in soils over geological time.
Secretion of LMWOA by Prokaryotes
Prokaryotes are known to secrete a large variety of aliphatic carboxylic acids of 1 to 4 carbon chains (such as acetic, lactic, butyric, propionic, succinic, glycolic, and formic, table 2) as a result of anaerobic fermentation of glucose and/or other organic compounds (Prescott and others, 1996; Madigan and others, 2003) . Methanogens and cyanobacteria are of particular interest due to their ancient history as discussed above. Methanogens are not known to secrete considerable concentrations or variety of organic ligands (Hausrath and others, 2004) , although they can secrete acetate through the reduction of CO 2 with H 2 as electron donor (Madigan and others, 2003) . In contrast, cyanobacteria have been reported to secrete a large variety of ligands partly due to their capacity to pursue fermentation under dark anaerobic conditions. For example, Moezelaar and others (1996) , Stal and Moezelaar (1997) , and Aoyama and others (1997) reported that formate, acetate, and lactate are secreted by various strains of cyanobacteria. Propionate, butyrate (Anderson and others, 1987) , glycolate and traces of oxalate (Heyer and Krumbein, 1991) were reported to be secreted as well, in addition to formate, acetate and lactate. Heyer and Krumbein (1991) argued that fermentation is a unique -and probably early -capability among cyanobacteria that was partly lost during evolution. Cyanobacteria can also produce extracellular organic ligands in the presence of oxygen: production of glycolate has received particular attention (Norman and Colman, 1992) . Siderophores of hydroxymate and catechol Table 1 Summary of the first appearance of organisms reported on Earth 1 Schopf and Walter (1983) , Schopf and Packer (1987) , Edwards and Selden (1992) , Remy and others (1994) , Taylor and others (1995a, b) , Redecker and others (2000) , Rye and Holland (2000b) , Watanabe and others (2000) , Schopf and others (2002) , Furnes and others (2004) , see also Brasier and others (2002) .
2 Hedges (2002) , see also Graur and Martin (2004). types are also secreted by cyanobacteria in response to conditions of iron deficiency (Straus, 1994, and references herein) . In addition to the organic acids mentioned above, bacteria commonly produce longer chain aliphatic acids (C 2 -C 6 ): fumaric, gluconic, 2-keto acids (generally 2-ketogluconic), ␣-keto acids (generally ␣-ketoglutaric), citric, pyruvic, malic, and some traces of oxalic (table 2) (Duff and others, 1963; Rozycki and Strzelczyk, 1986; Palmer and others, 1991; Urzi and others, 1991; Vandevivere and others, 1994; Ullman and others, 1996; Liermann and others, 2000) . Citric acid, secreted by bacteria in response to conditions of iron deficiency, often serves as a strong iron chelator, although its chemical affinity is less specific than siderophores. Escherichia coli, cyanobacteria, and many other bacteria have a specific ferric citrate receptor on the cell membrane and specific transporters for ferric citrate activated under iron starvation (Hancock and others, 1976; Laboure and Briat, 1993) . In some cases, bacteria can secrete oxalic acid in significant concentrations as well. For example, Hamel and Appanna (2001) reported a cleavage of isocitrate (an intermediate product of the citric acid cycle) to glyoxylate and succinate in Al-stressed Pseudomonas fluorescens. Glyoxylate, in turn, is oxidized to oxalate, an important ingredient in the Al-detoxification stratagem in this microorganism. Importantly, the authors argued that the citric acid cycle, which is a pivotal metabolic pathway in most organisms (Madigan and others, 2003) , can be modified, and the enzymatic activities significantly reconfigured, depending on the needs of a cell.
Besides secretion of organic acids, some bacteria (for example Streptomyces sp., Pseudomonas sp.) produce antibiotics at limited concentrations. The ecological rationale for production of antibiotics is not clear, but they might be used to inhibit the growth of other organisms competing for limited nutrients (Madigan and others, 2003) . Although most antibiotics produced by bacteria contain phenolic ring structures, these molecules are not generally strong metal chelates. Furthermore, we have not found reports of significant secretion of aromatic carboxylic acids by bacteria. The one exception is salicylate (table 3) , a common siderophore secretion product of Pseudomonas sp. (Meyer and others, 1992; Serino and others, 1995) . Salicylate is a precursor of siderophores produced by these bacteria (Gaille and others, 2002 , and references herein).
Although salicylate may be locally abundant, review of the literature suggests that aromatic carboxylic acids are not secreted by bacteria to solubilize inorganic nutrient substances in as great abundance as aliphatic carboxylic acids. Raven (1995) has argued that in the Mesoproterozoic (1.6 -0.9 billion years ago), land-colonizing organisms probably produced the full range of organic compounds used today (such as organic acids and siderophores) to solubilize inorganic nutrient substrates. This statement is in accordance with the above discussion on secretion of organic acids and siderophores by prokaryotes. However, fungi and lichens were, as discussed earlier, probably absent in the Mesoproterozoic (Berbee and Taylor, 1993; Raven, 1995) . This lack of higher complexity organisms, as discussed below, eliminates a source of a variety of organic substances that promote weathering today.
Secretion of LMWOA by Fungi and Lichens
With the development of fungi and evolution of lichens, phenolic compounds must have become important in solubilizing inorganic nutrients. Lichens represent symbiotic growth of fungus and one or more photosynthetic partners such as green algae or cyanobacteria (Nash, 1996) . Lichenization is described as the acquisition of fixed carbon by fungi from a population of algal and/or cyanobacterial cells (Nash, 1996) . The fungal partner is usually an ascomycete, but in a few cases has been reported to be a basidiomycete or deuteromycete (Honegger, 1996) . Some of these lichen-forming fungi, however, may also live in a non-lichenized (free-state) form (Purvis, 2000) .
Fungi within lichens are known to secrete a great number of organic compounds, which are generally known as lichen substances. Over 700 lichen substances have been described (Huneck and Yoshimura, 1996) . Some of these substances are simple aliphatic carboxylic acids of different (C 1 -C 6 ) chain lengths (such as oxalic, citric, gluconic, pyruvic, malic, succinic, formic, fumaric, and lactic, table 2) and may also be secreted by prokaryotes and by non-lichenized fungi (Palmer and others, 1991, Gadd, 2000 and references herein) . Other substances are polyphenolic compounds such as depsides, depsidones, depsones and carotenoids (Huneck and Yoshimura, 1996; Purvis, 2000) . It was believed originally that these polyphenolic compounds were produced only in intact lichens but, increasingly, these substances have been found to be produced by fungi grown in pure culture (Purvis, 2000) . Huneck and Yoshimura (1996) reported, however, that there are great qualitative and quantitative differences in the spectrum of lichen substances between intact lichen, cultured fungus, and lichen culture. Lichen substances are usually considered to be essential for supplying lichen with minerals from the substrate (Huneck and Yoshimura, 1996; Purvis, 2000) . For example, certain lichen substances, such as norstictic, psoromic, iso-usnic, and Table 3 The structures of aromatic carboxylic acids discussed in the text* * The structures of lichen acids (polyphenolic compounds) are complex and thus are not shown. They are discussed, for example, in Huneck and Yoshimura (1996) usnic acids, are reported to be strong chelating agents (Huneck and Yoshimura, 1996 , and references herein; Lee, 2000 , and references herein).
LMWOA in Plant Root
Exudates Plant roots typically exude aliphatic carboxylic acids with different chain lengths (C 1 -C 6 ) including acetic, lactic, fumaric, malic, malonic, citric, isocitric, succinic, oxalic, glycolic, tartaric, propionic, butyric, valeric, and aconitic acids (Curl and Truelove, 1986; Jones, 1998 , and references herein; Dakora and Phillips, 2002 , and references herein). The release of these organic acids by the roots has been observed to be increased under a variety of nutrient stresses (Lipton and others, 1987; Shen and others, 2002) and is thus considered important in solubilizing inorganic nutrient substances (Jones, 1998 , and references therein; Dakora and Phillips, 2002) . Aliphatic organic acids released by plants are also important as Al detoxifiers (Dakora and Phillips, 2002) . For example, many crops release citrate, malate, or oxalate as a response to excess of Al in the soil solution (Ryan and others, 2001) .
Plant root exudates typically may also contain some aromatic carboxylic acids. For example, Ae and others (1990) and Otani and others (1996) reported the importance of piscidic acid, a carboxylic acid of aromatic structure (table 3), secreted by pigeon pea roots in solubilizing Fe-and Al-bound phosphorus. The authors reported, however, that piscidic acid was not present in root exudates of other crops studied. Olsen and others (1981) Klejdus and Kuban (2000) , Wu and others (2000, 2001) , and Walker and others (2003) identified various phenolic acids (p-hydrobenzoic, vanillic, coumaric, syringic, and ferulic, table 3) in root and seed exudates of plants and considered them as phytotoxic and antimicrobial compounds released by the plants for a competitive advantage over other plants and microorganisms.
LMWOA as Degradation Products of HMW Compounds
LMWOA with aromatic structures are common constituents of dissolved organic matter in modern soils and are attributed to degradation of HMW biomolecules (Baziramakenga and others, 1995; Krzyszowska and others, 1996) . Cells of both prokaryotes and eukaryotes contain carbohydrates, lipids, proteins, and nucleic acids (Madigan and others, 2003) . Some steroids (a type of lipid) and some amino acids (protein subunits) contain aromatic structures. Thus, even before the development of eukaryotes, degradation of dead prokaryotic cells would have produced some carboxylic acids of aromatic structure. However, as discussed above, with the appearance of multicellular eukaryotes (table 1), the proportion of aromatic carboxylic acids must have increased, and with the appearance of lichens, the production of aromatics should have increased further. The appearance of vascular plants would have increased the production of aromatic compounds even further due largely to the evolution of lignin, a high-molecular-mass polymer of phenol-propanoid subunits, which is very abundant in vascular plants (Raven and others, 1992) . Degradation of lignin by microorganisms is known to produce aromatic carboxylic acids such as p-hydrobenzoic, vanillic, syringic, and ferulic acids (Haddad and Martens, 1987; Hedges and others, 1988) . Gallic acid (table 3) is a structural unit of tannin, another phenolic polymer abundant in bark and leaves of vascular plants (Killops and Killops, 1993) . Various aromatic carboxylic acids, such as benzoic, cinnamic, salicylic, gallic, p-hydrobenzoic, vanillic, syringic, and ferulic acids, have been reported in leachates from leaf and needle litter (Kuiters and Sarink, 1986) .
Summary of the Evolution of Organic Acid Moieties
Concentrations of organic acids in prebiotic soil solutions was presumably low, given limitations in abiotic synthesis and the limited lifetimes of organic molecules before the ultraviolet shield on early Earth. Bacteria and Archaea, the first landcolonizing organisms, commonly secrete aliphatic carboxylic acids today. Less commonly, they secrete aromatic compounds as siderophores and antibiotics. Secretion of aromatic acids is considerable for fungi, lichens, and vascular plants. Production of aromatic acids by degradation of high-molecular-weight compounds became important with the evolution of lignin and tannin, which are very abundant in vascular plants. The proportion of aromatic carboxylic acids in soil solutions therefore probably increased with the evolution of fungi, lichens, and vascular plants. As biomass of organisms increased over geological time, concentrations of organic acids in soil solutions probably increased. In modern soil solutions, concentrations of aliphatic and aromatic organic ligands range from ϳ1 ϫ 10 Ϫ3 to ϳ4 ϫ 10 Ϫ3 M and from ϳ8 ϫ 10 Ϫ5 to ϳ3 ϫ 10 Ϫ4 M, respectively (Stevenson, 1991) .
statement of objectives
Complexation between organic ligands and metals is known to cause differential mobility of elements from weathering minerals (for example, Song and Huang, 1988) . Such mobilization would be expected to leave signatures in soils that could be diagnostic of the presence of organic compounds ("organomarkers"). Thus, geochemical signatures are expected to be useful in resolving disputes such as the relative importance of ligand-promoted versus anoxic dissolution in explaining paleosol chemistry. Although data are available on the effects of organic acids on dissolution of monomineralic specimens (for example, Davis and others, 1995; Drever and Stillings, 1997 , and references herein; Welch and others, 2002) , very few analogous data are available for bulk rocks.
The objectives of this study are to summarize how organic ligands in soil solutions have changed over geological time, and to further our work (Neaman and others, 2005) investigating whether major, minor, and trace element geochemistry may be used to fingerprint the importance of organic complexation during weathering of basalt. We have simulated such weathering in laboratory systems with and without organic ligands under oxic and anoxic conditions. In this paper, we analyze the results of our experiments and briefly compare our results to a few recent soil and paleosol observations, to make the case that a better understanding of major, minor, and trace element signatures developed during basalt weathering will elucidate the nature of organic molecules produced by early life forms and how these biota affected their environment.
materials and methods

Organic Ligands
In accordance with the previous discussion on the evolution of the organic acid moieties, we decided to investigate the effects of a relevant suite of carboxylic ligands on dissolution of basalt. Aliphatic ligands included acetate, citrate, formate, fumarate, glutarate, lactate, malonate, oxalate, and succinate (table 2) . Aromatic ligands included benzoate, gallate, phthalate, and salicylate (table 3). The criteria for selecting these particular ligands were that (i) they are common secretion products of prokaryotes, fungi, lichens, and plant roots, (ii) they are common products of degradation of biomolecules, and (iii) they are common low-molecular-weight constituents of dissolved organic matter in modern soil solutions (Baziramakenga and others, 1995; Krzyszowska and others, 1996) .
In the first series of experiment, the above-mentioned thirteen ligands were reacted at concentrations of 0.001 M with basalt. For the second series of experiment, four ligands (citrate, gallate, oxalate, and malonate), observed to have the greatest effect on the enhancement of dissolution, were reacted at concentrations of 0.01 M with basalt. However, data for oxalate were not considered due to precipitation of Ca-oxalate related to the release of Ca from the reaction tubes.
Starting Materials
Basalt was sampled from the same quarry as the BCR-1 basalt reference sample of the US Geological Survey (Flanagan, 1967) . Sample processing included breaking pieces with a hammer, cleaning pieces with distilled water, crushing with a tungsten carbide jaw crusher, powdering with a tungsten carbide disk mill, sieving to obtain the 100 to 200 mesh (75 -150 m) fraction, removing fine particles by ultrasonication, washing in spectroscopic-grade acetone, and drying at 60°C. Specific surface area of the ground basalt was calculated as 8.69 m 2 /g using multi-point adsorption data from the linear segment of the N 2 adsorption isotherms (Micromeritics®, model ASAP 2000) by the Brunauer-Emmett-Teller (BET) method.
The contents of major and trace elements in the rock samples were determined by X-ray fluorescence at the GeoAnalytical Laboratory, Washington State University (Johnson and others, 1999) . A single low dilution (2:1 Li-tetraborate: sample) fused bead was used for both major and trace elements. The major element concentrations were normalized to 100 percent (on the basis of volatile-free mass), with all the iron expressed as FeO. Analyses, carried out in duplicates, are reported as average values (table 4). The analyses for basalt used here are very similar (Ϯ 10%) to those reported for the BCR-1 basalt reference sample (Govindaraju, 1994) . In the BCR-1 sample, 73.33 percent of the total iron is present as Fe II , and the volatile content is 1.59 weight percent.
Mineralogical composition of basalt was determined by X-ray diffraction (XRD) and electron probe microanalysis (EPMA (Ho and Cashman, 1997) and summarized in table 4.
EPMA was also used to investigate the presence of Zr in minerals within the basalt in one polished section. Zr was not detected in silicate or simple Fe oxide phases, but was consistently observed at concentration ranges of 100 to 300 ppm Zr in Fe/Ti oxides. Detection limits for Zr by EPMA are approximately 350 ppm, indicating that the concentration levels observed in Fe/Ti oxides are very near the limits of detectability. All other phases probed in the samples yielded Zr concentrations significantly below detection limits. Although zircons may be present, none were observed. Under the measurement conditions we used for EPMA, Zr was not detected in Fe oxide or in titania standards.
Consistent with the EPMA, X-ray diffraction of basalt samples before and after reaction under aerobic and anaerobic conditions revealed each sample was predominantly feldspars, quartz, and augite. XRD was unable to identify changes in mineralogy between pre-and post-reaction under aerobic or anaerobic conditions.
Batch Dissolution Experiments
We used 50-ml Pyrex® tubes with Teflon®-lined plastic caps (Corning® Co.) as batch reactors. The tubes and caps were acid-washed prior to use. Thirty milligrams of rock sample were placed in each tube. Organic ligand solutions were prepared from Sigma® and Aldrich® chemicals. We used 30 ml of 0.001 or 0.01 M ligand solutions, as well as ligand-free solution, adjusted to pH 6.0 by adding NaOH. We also performed basalt-free control experiments for all ligand and ligand-free solutions. Ligand concentrations were verified by total organic carbon analysis. The solid/solution ratio was 1:1000 g/ml for 0.001 M ligand and 1:100 g/ml for 0.01 M ligand experiments. All Table 4 Elemental composition of Columbia River basalt * The major element concentrations were normalized to 100% (on the basis of volatile-free mass), with all the iron expressed as FeO. ** Govindaraju (1994) . The volatile content is 1.59 weight %, and 73.33% of the total iron is present as Fe II . *** Average of five electron microprobe analyses. Data from Ho and Cashman (1997) . nd ϭ not determined.
experiments were run at ambient temperature. Tubes, agitated continuously using end-over-end rotators at room temperature, were covered with aluminum foil to prevent photoreductive dissolution of Fe-containing minerals by the organics (Cornell and Schwertmann, 1996) .
We took particular care to prevent microbial growth in the reactors: tubes with basalt but without solution were autoclaved. Solutions of organic acids, to which sodium azide (NaN 3 ) was added to achieve a concentration of 0.05 w/v %, were sterilized through 0.2-m filters. Azide binds tightly to the ferric form of cytochrome a 3 , preventing electron transport, and its inhibitory action is very potent (Garrett and Grisham, 1999) . We did not observe any turbidity at the end of the experiments, as expected in the absence of microbial contamination.
We performed the experiments under both oxic and anoxic conditions. Oxic experiments were exposed to the ambient atmosphere three times per week (by loosening the caps in a sterile hood) in order to assure exchange with atmospheric O 2 (g). Anoxic experiments were carried out in a Coy® oxygen-free glove box (with oxygen concentration Ͻ 1 ppm as measured by Coy® gas analyzer).
Duration of the experiments was four weeks. Aliquots of the suspension were taken for pH (combined glass electrode) and Eh (Pt electrode) measurements at the end of the experiments. For anoxic experiments, pH and Eh measurements were made in the glove box. Then, suspensions were filtered at 0.2 m and acidified with nitric acid. Concentrations of aqueous Fe II in the solutions were determined using the Ferrozine® method within 1 hour of sampling (Lovley and Phillips, 1986) . Solutions from the anaerobic experiments were mixed with Ferrozine® in the glove box. Element concentrations were determined by inductively coupled plasma -atomic emission spectrometry (ICP-AES) and -mass spectrometry (ICP-MS). Concentrations of Fe, Al, P, and Ti measured using both ICP-AES and ICP-MS showed no significant differences between the techniques. Concentrations for Cu and Zr are derived from ICP-MS analysis for more than one isotope, and were observed to be consistent among the isotopes.
Batch experiments were carried out in duplicate (0.001 M ligands) or triplicate (0.01 M ligands). Analysis for Na release was not possible due to the presence of sodium azide. Data for Ca, Mn, S, Zn, Ni, Sc, Sr, Pb, and Nb were not considered due to release of these elements from the tubes used (as observed in the basalt-free control experiments). For all other elements, concentrations in solution from the basalt-free control experiments were beneath detection. The one exception was Si: concentrations of Si were 2.9 or 0.4 ppm in basalt-free controls in the presence or absence of ligands, respectively. Data for Si were not considered for the 0.001 M experiments. Release of Si in the 0.01 M experiments (table 7, Appendix 2) is overestimated by 8 to 25 percent due to Si release from the tubes. No attempt has been made to correct the experimental data for Si release from the experimental tubes because basalt-free experiments were performed in only one replicate. Data for K are not considered due to contamination from NaOH used for pH adjustment. Data for Ge, Co, and rare-earth elements (La through Lu) were not considered due to analytical interferences during their determination with ICP-MS. In 0.001 M ligand experiments, small concentrations of trace elements released into solution did not allow their accurate analytical determination. Thus, data for major and minor (P and Ti) elements only are reported for 0.001 M ligand experiments (tables 5 and 6).
The average values of duplicate or triplicate experiments are shown here (tables 5 -8). The release of each element from basalt is expressed as a percentage of total element content in the unweathered rock. Concentrations of elements in the solution for experiments with 0.001 M or 0.01 M ligands are presented elsewhere (Neaman and others, 2004) or in Appendices 1 and 2, respectively.
results and discussion
Solution Chemistry
To design our dissolution experiments for comparison to weathering conditions on early Earth, we made assumptions based on published evidence for conditions during the Archean. Using geological observations and calculations, Sleep and others (2001) inferred that the surface conditions at 2.8 Ga were clement. Clement surface conditions imply sufficient concentrations of greenhouse gases to maintain a nonfrozen early Earth surface. For example, based on models of atmospheric evolution, Kasting and others (2001) inferred that, if the concentration of methane was ϳ100 ppmv or higher at 2.8 Ga, then the surface temperature would have been maintained above freezing even if P CO 2 was no higher than today's value (ϳ0.0003 atm). Several lines of evidence suggest that CH 4 was relatively abundant in the Archean atmosphere (for example, Pavlov and others, 2000) . For our study, we therefore inferred that the value of P CO 2 did not differ from today's value. This value implies a rainwater pH of 5.6. Based on these considerations, we adjusted ligand and ligand-free solutions to pH 6.0 at the beginning of all experiments. Values of pH at the end of the experiments were in the range from 6.0 to 6.5.
Values of Eh at the end of the experiments were in the range of 300 to 450 mV in the case of oxic experiments, and Ͻ100 mV as measured by a Pt electrode in anoxic Table 5 Dissolution of basalt at pH 6 under oxic conditions in 0.001 M organic ligands * percent of total element in the unweathered rock. Concentrations of elements in the solution are presented elsewhere (Neaman and others, 2004) . ** bd ϭ below detection (Ͻ0.01%).
experiments. Under oxic conditions, about 30 to 50 percent of total iron in the solution was in the form of ferrous iron. Under anoxic conditions, ferrous iron dominated (Ͼ 90%) the Fe species in solution. Variation in Eh or the proportion of Fe II in solution was not observed to correlate with dissolved ligand concentrations.
Rate of Dissolution
We first present our data cast in terms of basalt dissolution rates normalized by BET (nitrogen) surface area of basalt in order to compare to the literature. The estimated log rate of dissolution (mol Si m Ϫ2 sec
Ϫ1
) in the 0.01 M ligand experiments here was calculated based on the single time period of 28 days: Ϫ12.4 to Ϫ12.3 for ligand-free experiments and Ϫ11.6 to Ϫ11.2 for experiments with citrate. As mentioned above, Si data were not considered for the 0.001 M ligand experiments due to the observation of considerable Si release from the tubes used. Calculation of the chemical speciation of the solutions (Geochemist's Workbench®, Bethke (2002) , database thermo_minteq_gwb4) suggests that quartz was oversaturated in the 0.01 M experiments. However, precipitation of quartz during the experiments is not likely since all experiments were run at ambient temperature.
Rates of dissolution obtained in our batch experiments are considerably slower than those reported by others for basalt or basaltic glass dissolution in the absence of organic ligands (figure 1): Ϫ10.4 at pH 6.75 and 30°C for flow-through dissolution of Table 6 Dissolution of basalt at pH 6 under anoxic conditions in 0.001 M organic ligands * percent of total element in the unweathered rock. Concentrations of elements in the solution are presented elsewhere (Neaman and others, 2004) . ** bd ϭ below detection (Ͻ0.01%).
an Icelandic basaltic glass prepared as grains between 40 and 120 m (Gislason and Oelkers, 2003) , and Ϫ10.15 or Ϫ10.48 at pH 7 or 5, respectively, at 25°C for batch dissolution of a basalt from Duluth, Minnesota run for 365 days (Eick and others, 1996) . For the latter basalt, powder was prepared such that 43 percent of grains were Ͼ75 m, 25 percent were between 38 to 53 m, and 32 percent of particles were Ͻ38 m size-fraction. No separation of fine particles was made. In contrast, in our experiments, basalt was sieved to obtain the 75 to 150 m fraction and fine particles were removed by ultrasonication. Consistent with the presence of a significant fraction Table 7 Release of major and minor elements from basalt at pH 6 under oxic and anoxic conditions in 0.01 M organic ligands * percent of total element in the unweathered rock. Concentrations of elements in the solution are presented in Appendix 1 (Al, Fe, Mg, and Si) or Appendix 2 (P and Ti). ** bd ϭ below detection (Ͻ0.01%). Eick and others (1996) reported parabolic rates (per time Ϫ0.5 ) for dissolution in the presence of organic citrate and oxalate early in their experiments, followed by long-term linear release rates.
The faster rates of dissolution reported by Gislason and Oelkers (2003) are, most probably, due to differences in both basalt crystallinity and methodology. Basaltic glass was used in the experiments of Gislason and Oelkers (2003) while crystalline basalt was used in our experiments (see, however, Ho and Cashman, 1997) and those of Eick and others (1996) . Rates of dissolution decrease with increases in basalt crystallinity (for example, Gislason and Eugster, 1987, fig. 1 ). In addition, the rates of dissolution were measured by Gislason and Oelkers (2003) in flow-through reactors. Such reactors can yield faster rates than observed in batch reactors (such as used in the present study) because fluids in flow-through reactors remain more dilute than in batch reactors (Brantley, 2004) . Given these considerations, and the single time point used for our observed rates, our rates are reasonable compared to literature values.
Ligand Trends
Release of all elements was enhanced considerably in the presence of organic ligands in comparison to ligand-free experiments (tables 5 -8). Comparison of absolute values of the percentage of element release between 0.001 M (tables 5 and 6) and 0.01 M (table 7) experiments is not possible because of different solid/solution ratios in these two experiments. The extent of element release differs considerably among the ligands used ( fig. 2) . Citrate, a tridentate ligand, and gallate, a tetradentate ligand, increased basalt dissolution to the greatest extent among all ligands and among aromatic ligands, respectively. Generalizing for all elements, the extent of dissolution ) of the Columbia River basalt obtained in the present study in batch experiments at ambient temperature with and without citrate, plotted in comparison to data from the literature for dissolution rates measured without organic ligands. The data of Gislason and Oelkers (2003) were measured in flow-through reactors at 30°C for a basaltic glass (Iceland) prepared with particle sizes between 40 and 120 m. The data of Eick and others (1996) were measured in batch experiments at 25°C for basalt from Duluth, MN. For the latter basalt, 43% or 25% or 32% of particles were in the Ͼ75 m or 38 to 53 m or Ͻ38 m size-fraction, respectively, and ultrasonication to remove fine particles was not completed. Data of Gislason and Eugster (1987) were measured in batch experiments at 25°C for a basaltic glass and crystalline basalt (Iceland) prepared with particle sizes between 125 and 250 m. Basaltic glass was used in the experiments of Gislason and Oelkers (2003) while crystalline basalt was used in our experiments (see, however, Ho and Cashman, 1997) and those of Eick and others (1996) . It was sieved to obtain the 75 to 150 m fraction, and fine particles were removed by ultrasonication.
observed for the aliphatic ligands decreased in the order: citrate Ͼ oxalate Ϸ malonate, and for the aromatic ligands: gallate Ͼ salicylate Ϸ phthalate. All other ligands affected release only slightly, if at all (tables 5 and 6).
Zhang and Bloom (1999) studied the dissolution kinetics of hornblende in organic acid solutions of various pH and concentrations and reported that oxalate was more effective than citrate in promoting dissolution. However, the authors compared the effects of oxalate and citrate at the same concentrations of dissolved carbon. Reinterpreting their data on the basis of ligand and not dissolved carbon concentration, we conclude that citrate showed a greater effect on the enhancement of release of Al, Fe, Mg, and Si from hornblende in comparison to oxalate, similar to the present study. Song and Huang (1988) studied the dynamics of potassium release from potassiumbearing minerals in the presence of 0.01 M oxalic and citric acids. They also reported that oxalate was more effective than citrate in promoting dissolution. However, pH was not controlled in their experiments, and, for similar concentrations, the pH of a solution of oxalic acid is expected to be significantly lower than that of citric acid because the values of the pK a1 for the two acids are 1.25 and 3.13 respectively (NIST, 1998) . Presumably, the higher rates of dissolution in the presence of oxalic acid can be attributed to the contribution of proton-promoted dissolution. Furrer and Stumm (1986) suggested that the effect of bidentate ligands on the extent of dissolution of Al oxides decreases with the increase in the length of chain required to form a bidentate chelate ring. They observed the following sequences of bidentate ligands with respect to the enhancement of dissolution of Al oxides at pH 3, 4, and 5: oxalate Ͼ malonate Ͼ succinate (five-, six-, and seven-member rings, respectively) for aliphatic ligands, and salicylate Ͼ phthalate (six-, and seven-member chelate rings, respectively) for aromatic ligands. The authors argued that these sequences are the same as the sequences of corresponding complex stability constants with Al 3ϩ ions in solution. Similarly, Chin and Mills (1991) reported the following sequences of bidentate ligands with respect to the enhancement of release of Al from kaolinite at pH 4.25: oxalate Ͼ malonate for aliphatic ligands, and salicylate Ͼ phthalate for aromatic ligands.
Our experimental results are in partial agreement with the findings of Furrer and Stumm (1986) and Chin and Mills (1991) . In agreement with their findings, oxalate and malonate, which form five-and six-member chelate rings, respectively, increased element release to the greatest extent among the aliphatic bidentate ligands used in our experiments. Other aliphatic bidentate ligands with seven-or eight-member chelate rings (fumarate, glutarate, and succinate) enhanced element release very slightly, if at all (tables 5 and 6). However, the sequences oxalate Ͼ malonate for Al release and salicylate Ͼ phthalate for P release were not observed in our experiments ( fig. 2) .
Differences among the ligands in affecting the extent of element release are best explained by the difference in cation-ligand stability constants. For example, release of Fe and Al from basalt increased with an increase in complex stability constants of Fe 3ϩ and Al 3ϩ with ligands, respectively (figs. 3A-D). However, aromatic ligands used in the present study had a considerably smaller effect on the enhancement of release of Fe and Al in comparison to aliphatic ligands. This is in spite of greater (Fe 3ϩ and Al 3ϩ ) complex stability constants of aromatic ligands in comparison to aliphatic ligands (figs. 3A-D). This observation will be discussed below.
A question arises why the sequence oxalate Ͼ malonate suggested by Furrer and Stumm (1986) and Chin and Mills (1991) for release of Al was observed to be reversed in our experiments. The experiments of these authors were carried out between pH 3 and 5 as compared to pH 6 of the present study. The pK a2 for oxalate is smaller than that for malonate ( fig. 4 ). Furrer and Stumm (1986) suggested that bidentate ligands lose their ability to complex cations and, in turn, to enhance mineral dissolution when protonated. The pK a2 values of the above-mentioned ligands imply that, at pH between 3 and 5, the proportion of protonated species is greater for malonate in comparison to oxalate. At pH Ͻ 6, malonate is therefore expected to be less effective in complexing Al than oxalate. Thus, the difference in the sequences of ligands observed by the above-mentioned authors and in the present study is attributed to the difference in pH.
In agreement with the findings of the present study, Furrer and Stumm (1986) reported that the effect of salicylate, an aromatic ligand, on the total (ligand-promoted and proton-promoted) rate of dissolution of Al oxides at pH 3, 4, and 5 was considerably smaller than that of oxalate and malonate, aliphatic ligands. Similarly, Chin and Mills (1991) reported that the effect of salicylate and phthalate on the enhancement of release of Al from kaolinite was considerably smaller than that of oxalate and malonate. This observation is consistent with our own observations, and leads to the generalization that aromatic ligands have a considerably smaller effect on the enhancement of release of Fe and Al from minerals and rocks in comparison to aliphatic ligands, at least at pH Յ 6. To explain this, we note that the pK a2 values of the aromatic ligands salicylate (13.70) and gallate (9.11) are considerably greater than those of aliphatic ligands (in the range 4.26 to 5.7, fig. 4 ). The pK a2 values of these ligands imply that, in neutral and acidic media, the proportion of protonated species is greater for salicylate and gallate in comparison to aliphatic ligands. Hence aromatic Despite these observations, gallate showed a considerably greater effect on the enhancement of Cu release in comparison to aliphatic ligands ( fig. 5 and table 8 ). The complex stability constants of Cu 2ϩ with all ligands are the greatest among the divalent cations (NIST, 1998 , IUPAC, 2000 as predicted by the Irving-Williams series (for example, Stone, 1997 Release of elements other than metals can also be predicted by stability constants. For example, release of P from basalt increased with an increase in complex stability constants of Ca 2ϩ with aliphatic and aromatic ligands (figs. 3E and F). Phosphorus in the basalt studied is present predominantly as fluorapatite Ca 5 (PO 4 ) 3 F. Organic ligands are thought to enhance dissolution of fluorapatite by forming complexes with calcium (Welch and others, 2002) . In spite of similar complex stability constants of Ca 2ϩ with aromatic ligands in comparison to aliphatic ligands, the former ligands showed a considerably smaller effect on the enhancement of release of P in comparison to the aliphatic ligands (figs. 3E and F). This observation is presumably related to the pH effect discussed previously.
Mobility of Si
The presence of organic ligands enhanced release of all elements from basalt, including Si (tables 5 -8). The role played by organic ligands on silica mobility is not well understood (Brantley, 2004) . For example, Bennett (1991) claimed that organic ligands accelerate the dissolution of quartz in water at near-neutral pH perhaps by forming organic complexes with Si. However, no evidence for oxalate adsorption at the quartz surface nor for oxalate complexation with aqueous Si has been identified (Poulson and others, 1997; Pokrovski and Schott, 1998; Kubicki and others, 1999) . Poulson and others (1997) suggested that increased dissolution of quartz in organic compound-containing solutions may be related to effects related to aqueous cations in organic salt solutions. In our experiments, complexation of Fe and other cations in the basalt minerals could lead to destabilization of the Si network, enhancing Si release. Such effects have also been observed in natural systems: Viers and others (1997) reported larger concentrations of Si in organic-rich (pH 4.62 to 7.43) as compared to organic-poor (pH 4.43 to 4.80) waters of a tropical watershed draining a granitic rock. Similarly, Millot and others (2003) studied fluxes of Na, K, Ca, Mg, and Si in the Mackenzie River basin (Canada) and reported that silicate weathering rate was directly correlated with the concentrations of dissolved organic carbon in river waters.
No model predicting the effect of organic ligands on silicate dissolution has been generally accepted Brantley, 2004) . One model suggests that organic ligands directly affect dissolution by complexing cations at the mineral surface Zinder and others, 1986; Amrhein and Suarez, 1988; Stillings and others, 1996; Welch and Ullman, 1996) . The strength of the ligand-cation interaction at the mineral surface is thought to polarize and weaken the bonds between the cation and mineral lattice. Alternately, organic ligands may affect aluminosilicate dissolution indirectly by complexing ions in solution (Oelkers and Schott, 1998) . Complexation in solution is thought to change the chemical affinity of dissolution by decreasing the activity of aqueous ions .
Our experimental results have some implications with respect to the abovementioned conflict on the mechanisms of mineral dissolution in the presence of organic ligands. Our results demonstrate that, in the presence of organic ligands, Fe is mobilized from basalt considerably more than Al under both oxic and anoxic conditions (for example, ratio of % Fe released / % Al released is ϳ10 for basalt treated with 0.001 M citrate under oxic conditions, fig. 6 ). 14 Like most basalts, BCR is composed of Fe II -rich minerals (see Materials and Methods) and contains 73.3 percent Fe II as a fraction of the total iron (Govindaraju, 1994) . The greater release of Fe as compared to Al is consistent with decreasing cation-oxygen bond strengths from trivalent (Al III ) to divalent (Fe   II   ) metals (see, for example, Birkeland, 1999) . This interpretation is consistent with a direct attack of organic ligands on silicate dissolution through surface complexation reactions at the Fe II surface sites. We note that the complex stability constants for Fe III are considerably greater than those for Fe II for all ligands (NIST, 1998; IUPAC, 2000) . If organic ligands had an indirect effect on silicate dissolution (for example, complexation of aqueous ions causing a decrease in the activity of free metal ions in the solution), release of Fe would be expected to be greater under oxic (Fe III dominant in solution) in comparison to anoxic (Fe II dominant in solution) conditions. We observed, however, that release of Fe was greater under anoxic as compared to oxic conditions.
Order of Element Release
Rock dissolution was non-stoichiometric regardless of the presence or absence of organic ligands. In the presence of citrate and gallate, two ligands that showed the greatest effect on the extent of dissolution, and in ligand-free experiments, release of elements (expressed as a percentage of the total element content in the unweathered basalt) decreased in the following order:
In comparison, Eick and others (1996) reported the following orders of element released from basalt (Duluth, Minnesota) with and without 0.002 or 0.02 M citrate at pH 7 under oxic conditions:
Eick and others (1996) reported that their basalt was composed of plagioclase, pyroxene, olivine, and ilmenite, and suggested that the dissolution rates of olivines and pyroxenes (containing Mg and Fe) are greater than those of plagioclase (containing Si, Al, and Ca). Similarly, Millot and others (2003) observed cation fluxes in the 
organic acid moieties for basalt weathering over geological time
Mackenzie River basin (Canada) and reported that fluxes of Mg were greater than fluxes of Si at pH ϳ7 to 8. Our experimental results are in agreement with the findings of Eick and others (1996) and Millot and others (2003) with the exception that Fe was released more extensively than Mg in our oxic and anoxic experiments with citrate.
Of course, the above-mentioned orders of element release may not be true for other basalts of different chemical and mineralogical composition and of different degree of crystallinity. Nonetheless, the following important observations can be made: 1) Release of the first row transition metals increased in the order: Ti Ͻ V Ͻ Cr Ͻ Fe Ͻ Cu ( fig. 7) . 2) Concentrations of P and Y released were at the detection limit in the ligandfree experiment but were enhanced considerably in the presence of citrate ( fig. 8) , and release of Y was directly correlated with the release of P ( fig. 9 ). 3) Concentrations of Cu released were at the detection limit under anoxic conditions but were enhanced considerably under oxic conditions especially in the presence of ligands ( fig. 8 ). 4) In the presence of ligands, release of Fe was considerably greater than release of Al even under oxic conditions (figs. 6 and 8). 5) Release of Zr was enhanced considerably in the presence of citrate ( fig. 8 ). 6) Ti was the least mobile among the analyzed elements under all conditions, except for Cu under anoxic conditions ( fig. 8 ). To understand some of these observations, we note that the tendency of metal ions to complex with organic ligands correlates with the tendency of the metals to hydrolyze (for example, Morel and Hering, 1993; Hernlem and others, 1996) . Thus, trends in metal mobility can often be predicted. The best example of this ordering is the observation that the tendency for divalent metals to complex with organic ligands increases along the Irving-Williams series: Stone, 1997) . This sequence is generally quoted only for Mn 2ϩ through Zn 2ϩ since the other first row transition metals do not occur in the divalent state in natural terrestrial environments (Marshall and Fairbridge, 1999) . In our experiments, release of the first row transition metals increased in the order: Ti Ͻ V Ͻ Cr Ͻ Fe Ͻ Cu with the increase in the number of d electrons: 2 Ͻ 3 Ͻ 5 Ͻ 6 Ͻ 10, respectively ( fig. 7) . As discussed above, the data for Sc, Mn, Co, Ni, and Zn were not available. As mentioned above, about 73 percent of the total iron in the basalt studied is present as Fe II , consistent with the observation that release of Fe is smaller than release of Cu ( fig. 7) .
Zr Mobility
Considerable release of Zr in the presence of 0.01 M citrate (table 8, fig. 8 ) is of particular interest. Zr is often considered as an immobile element to calculate mass balance in weathering soil systems (for example, Brimhall and others, 1991) . Our results suggest that the mobility of Zr is increased in the presence of considerable concentrations of organic ligands. Such Zr mobilization was observed previously by Viers and others (1997) in organic-rich waters as compared to organic-poor waters of a tropical watershed draining a granitic rock. Thus, in organic-rich soil environments, Zr may be problematic when used as an immobile element in mass-balance calculations. In our experiments, Ti was the least mobile among the analyzed elements under all conditions, except for Cu under anoxic conditions ( fig. 8) . Similarly, Dawson and others (1991) studied the depletion of first-row transition metals (Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn) in a chronosequence of soils in New Zealand and reported, after applying corrections to relate elemental concentrations to a soil volume at time zero, that all the elements (except Ti) have become depleted with time, by over 50 percent of original mass within 100,000 years. However, Viers and others (1997) reported mobilization of Ti in six of the nine organic-rich water samples analyzed. Although some Ti might be mobilized in organic-rich soil environments, Ti might be more suitable than Zr for mass-balance calculations for some lithologies because of its greater concentrations in soils and rocks (as discussed for example by Teutsch and others, 1999) . Furthermore, mobility of Zr is affected by the nature of the Zr-hosting parent minerals. Here, Zr was only found in Fe/Ti oxides, which may be more reactive than zircons found in other rocks. 
Implications of Fe and Al Mobility Patterns
Considerable mobilization of Fe without mobilization of Al has been documented in some basalt-derived Precambrian paleosols (Ohmoto, 1996; Holland and Rye, 1997; Ohmoto, 1997; Holland, 1998, 2000b; Beukes and others, 2002; Yang and Holland, 2003) . It has been suggested that organic ligands produced by microbial activity may have played an important role in Fe mobilization in these paleosols (Ohmoto, 1996; Beukes and others, 2002; Neaman and others, 2005) . Others, however, argued that ligand-promoted mobilization of Fe should have mobilized Al as well, suggesting instead that anoxic conditions may have solubilized Fe (Holland and Rye, 1997) . Importantly, our results demonstrate that, in the presence of organic ligands, Fe is mobilized from basalt considerably more than Al even under oxic conditions ( fig. 6 ). Thus, in principle, complexation of Fe with organic ligands may contribute to Fe mobilization in paleosols regardless of oxygen levels.
However, although ligand complexation could enhance release of Fe from soils, to explain extensive mobilization of Fe in Precambrian paleosols may require the assumption of anoxic atmospheres, as pointed out by others (Holland and Rye, 1997) . Precipitation of Fe III phases is inferred to also have occurred in our experiments with ligands: calculation of the chemical speciation of the solutions (Geochemist's Workbench®, Bethke (2002) , database thermo_minteq_gwb4) suggests that solution was oversaturated with respect to ferrihydrite for oxic experiments, even with organic ligands. Precipitation of an Fe oxyhydroxide phase could at least partially explain the smaller release of Fe under oxic as compared to anoxic conditions in our experiments (tables 5-7). We have argued previously (Neaman and others, 2005 ) that mobilization of Fe in the Mount Roe paleosols may have been as both Fe II and Fe III -organic complexes, implying both anoxic conditions and the presence of organic compounds.
Importantly, Chadwick and others (2003) reported that, in basalt-derived soils in Hawaii, Al is mobile under humid (Ͼ1400 mm/year rainfall) and immobile under dry conditions (see also, Teutsch and others, 1999) . The threshold (ϳ1400 mm) is attributed to the annual volume of water required to fill pores in the top meter of soil (topsoil). Thus, depletion of Al from the topsoil due to flushing may serve as a marker for rainfall ( fig. 10A ). We infer that lack of Al mobility in early paleosols at Hekpoort and Mount Roe (assuming they are truly paleosols developed on basalt) implies that they were formed in a relatively dry climate that limited mobility of Al. Consistent with this interpretation, Al has been reported to be incorporated in the Precambrian paleosols in secondary sesquioxides and clays (Macfarlane and others, 1994; Yang and others, 2002; Yang and Holland, 2003) . In summary, based on our results and evidence from the literature, we conclude that lack of Al relative to Fe mobility in the Hekpoort and Mount Roe paleosols is best explained by low rainfall.
Interpretations of P, Y and Cu Mobility Patterns
Based on EPMA analysis, P in the basalt studied is present as fluorapatite Ca 5 (PO 4 ) 3 F, a very common accessory mineral in igneous rocks (McConnell, 1973; Best and Christiansen, 2001) . The solubility product of fluorapatite is very low (log K sp ϭ Ϫ60) (Wedepohl, 1970) , and apatite is generally classed as a stable mineral, placed in decreasing order of stability during mineral weathering between biotite and ilmenite (Pettijohn, 1941) or between rutile and magnetite (Banfield and others, 1991) . As discussed above, organic ligands, especially citrate, enhance release of P from basalt (tables 5-7, fig. 8 ) by forming complexes with Ca. Under anoxic conditions, a Mn phosphate (MnHPO 4 ) and oxide (bixbyite, Mn 2 O 3 ) were calculated to be oversaturated or undersaturated, respectively in our 0.01 M experiments: the reverse was calculated to be true for oxic conditions (Geochemist's Workbench®, Bethke (2002) , database thermo_minteq_gwb4). Smaller release of P under anoxic as compared to oxic conditions (tables 5-7) could thus be consistent with enhanced precipitation of a Mn phosphate under anoxic conditions as compared to a Mn oxide under oxic conditions. As mentioned above, the release of Mn was not reported due to the observation of considerable Mn release from the tubes used.
Apatite is the most common P-bearing mineral in soils (Lindsay and others, 1989) . However, surprisingly few data are available on apatite distribution in complete soil profiles extending to parent bedrock. Shipp and Matelski (1960) reported that the content of apatite in a soil profile developed on loess decreased to depths of about 1 m, while remaining constant deeper than 1 m. Unfortunately, the authors did not report soil pH and loess mineralogy. We suggest that the depletion of apatite in this soil is consistent with an inference of higher concentrations of organic ligands in the topsoil than in the subsoil as observed, for example, by Jardine and others (1989) in other soils. Vitousek and others (1997) report the fraction of parent material P remaining in the top 1 m of soil in a Hawaiian basalt chronosequence decreases with age of soil. These workers report complete loss of primary P-containing minerals in soils younger than 20 Ka.
Similar to P, release of Y was at the detection limit in the ligand-free experiment but was enhanced considerably in the presence of citrate ( fig. 8 ). Apatite in igneous rocks is known to concentrate rare earth elements and Y (REY) (for example, Hall, 1987; Winter, 2001) . Consistent with this, semi-quantitative EPMA analysis indicated Y content of ϳ1500 ppm in fluorapatite crystals. Calculations demonstrate that this concentration of Y in apatite is equal to the total Y content in the basalt studied, assuming that all P in the rock is present as fluorapatite. Consistent with this, release of Y was directly correlated with the release of P under both oxic and anoxic conditions ( fig. 9 ). However, Y in igneous rocks could also be present as xenotime [YPO 4 ] or monazite [(Ce, La, Th, Nd, Y)PO 4 ] (Best and Christiansen, 2001) . If these REYphosphates are present in the basalt studied, they are rare, since we detected none of these phases under EPMA.
Importantly, concentrations of Cu released were below the detection limit (Appendix 2) under anoxic conditions but increased considerably under oxic conditions, especially in the presence of organic ligands (table 8, fig. 8 ). Copper is a predominantly chalcophile element (Hall, 1987) . Based on EPMA analysis, Cu in the basalt studied is present as Cu/Fe-sulfide, most probably chalcopyrite, consistent with the observations in most igneous rocks (Best and Christiansen, 2001 ). The solubility of chalcopyrite is low: CuFeS 2 ϩ 2H ϩ ϭ Cu 2ϩ ϩ Fe 2ϩ ϩ 2HS, log K ϭ Ϫ35.27 (Bethke, 2002, database thermo_minteq_gwb4) . Sulfides, dissolve, however, under oxic conditions via oxidation (Lindsay, 1979) . Organic ligands are inferred to enhance oxic dissolution of Cu-sulfide (table 8, fig. 8 ) by forming complexes with Cu. For example, Fig. 9 . Release of Y vs. release of P from basalt under both oxic and anoxic conditions with 0.01 M ligands at pH 6. Davis and others (1995) reported that organic ligands enhance the oxic dissolution of CdS by forming complexes with Cd.
Our experimental results suggest that P and Y mobility patterns could possibly serve as "organomarkers" indicating the presence of organic ligands. Similarly, Cu mobility patterns could possibly serve an "oxymarker" indicating the presence of oxygen. However, batch experiments are closed systems and are not necessarily good models for soils. Soils are open systems that include not only dissolution of primary minerals, but also neoformation of secondary phases, solute transport, clay eluviation, erosion, adsorption/desorption, et cetera. The distribution of elements in a profile may be strongly impacted by neoformation of secondary phases, and adsorption processes on both organic and inorganic phases (see, for example, Jersak and others, 1997) .
For example, Cu, when released from primary sulfides can be retained in soils by incorporation into or adsorption onto organic matter/secondary minerals. Teutsch and others (1999) reported increasing enrichment of Cu in the upper 1 m of basalt-derived soil in a climosequence in Hawaii varying in rainfall from 270 to 1260 mm/yr. The enrichment of Cu was observed to correlate with increasing soil organic matter. The increase in organic matter content of the soils with increasing rainfall was presumably due to a decrease in pore pressure of oxygen in the soils under watersaturated conditions. Thus, more anoxic soils in the Hawaiian climosequence show greater retention of Cu, consistent with our simple experiments, and consistent with Cu acting as an "oxymarker" in that system. However, Navrot and Singer (1976) reported that, in a modern basalt-derived soil from Israel developed under Mediterranean climate with rainfall of 850 to 950 mm/year, Cu was not depleted in the topsoil as compared to the parent basalt. The authors suggested that Cu was retained not by organics but by clay minerals. Thus, use of Cu as an "oxymarker" cannot rely solely on Cu depletion, but must also rely on observation of mineralogy. Specifically, where Cu is retained by secondary minerals in a well-oxygenated topsoil, depletion of Cu-sulfides in the topsoil relative to parent rock may still document oxic conditions ( fig. 10B ).
Similar to Cu, P may not be depleted in the presence of organic ligands if adsorption of P onto Fe and Al oxyhydroxides occurs, as observed, for example, in modern basalt-derived Hawaiian forest soils developed under climate with rainfall of 850 mm/year (Miller and others, 2001) . Similarly, Y, when released from primary phosphates, can be retained in weathering profiles on basalt by incorporation into secondary REY-phosphate such as rhabdophane (Ce, La, Nd)PO 4 ⅐ H 2 O or churchite (Y, Er)PO 4 ⅐ 2H 2 O or florencite (La,Ce)Al 3 (PO4) 2 (OH) 6 or by incorporation into or adsorption onto clay minerals (Price and others, 1991; Prudencio and others, 1993; Cotten and others, 1995) . However, even if P and Y are retained by secondary minerals in topsoil, depletion of apatite and fractionation of Y in the topsoil relative to parent rock may point to the presence of considerable concentrations of organic ligands ( fig.  10C ). For example, Vitousek and others (1997) report data from the upper 1m of a soil chronosequence developed on Hawaiian basalt (where we have presumed that organic ligands are present). They concluded that the form of P changes systematically from primary minerals in young soils (Ͻ 20 ka soil) to organic P (20-150 ka soils) to Fe-and Al-bound P in older soils.
Further complicating the interpretation of P and Y mobility in soils, the release of P observed in ligand-free experiments (table 7, Appendix 2), although minor, suggests that apatite can be weathered under high-rainfall conditions even in the absence of organic ligands. For example, Braun and others (1990) studied a syenite-derived soil in Cameroon developed under tropical conditions and reported that apatite was strongly weathered even in the bottom of the saprolite (ϳ5 m depth). Rainfall at the site was not reported although rainfall approximately ϳ100 km away at Yaounde averaged 1598 Fig. 10 . Proposed scheme to distinguish between topsoils weathered in ligand-rich vs. ligand-poor environments. The scheme is valid for rocks in which P is originally present as apatite and Y is associated with apatite as in most igneous rocks (McConnell, 1973; Best and Christiansen, 2001; Winter, 2001) . The scheme (C) will also be only useful at pH above 5.5, and under conditions where the annual volume of rainwater is smaller than the pore volume of topsoil. mm/yr for the period extending from 1889 through 1990 (www.worldclimate.com). Rainfall was high enough that the authors reported flooding periodically at the bottom of the profile, creating anaerobic conditions during some of the weathering period. Similarly, White (1995) investigated weathering of granite in the Rio Icacos basin, Luquillo Experimental Forest, Puerto Rico. He reported that Ti, Zr, and Nb were essentially immobile in the soil during weathering while Y was strongly depleted even in the bottom of the saprolite (at 6 m depth) where organic ligands are not expected to be present in considerable concentrations. The annual rainfall in the study site is 4300 mm/year (Turner and others, 2003) . Assuming that Y was concentrated in apatite in the parent granite, weathering of apatite under high-rainfall conditions may explain loss of Y in the soil profile reported by White (1995) .
Furthermore, the dissolution rate of fluorapatite is invariant above pH 5.5 but increases significantly below pH 5 (Guidry and Mackenzie, 2003) . Therefore, apatite can be dissolved under acidic conditions even in the absence of organic ligands. Thus, the validity of the suggested model in figure 10C should be limited to soils where pore solution pH Ͼ 5.5 and where rainfall is low, such as for the paleosols discussed here. Neaman and others (2005) discussed mobility patterns of Fe, Al, P and Cu as observed in the oldest-known basalt-derived paleosols, the Mount Roe (2.76 Ga) and the Hekpoort (2.25 Ga). In the weathered surface of both paleosols, P was considerably depleted, consistent with the presence of organic ligands ( fig. 10C ). Copper was retained in the Mount Roe paleosol, but was considerably mobilized in the Hekpoort paleosol. These data are consistent with formation under anoxic and oxic atmospheres, respectively, as inferred by others based on Fe mobility (Holland and Rye, 1997; Holland, 1998, 2000b; Yang and Holland, 2003) . Thus, if these paleosols represent soils developed on basalt under conditions of neutral rain pH and moderate to low rainfall, then the use of trace elements corroborates published conclusions concerning low oxygen levels for 2.8 to 2.2 Ga. The trace element data further suggest the remarkable possibility that organic ligands and possibly terrestrial prokaryotes were present in some of these soils.
Cu, P, and Y in Paleosols
Overall, our experimental results suggest that Fe, Al, P, Y, and Cu are potentially useful elements for paleosol interpretation. In most igneous rocks, P and Cu are generally present in distinct mineral phases: apatite and Cu-sulfide, respectively. In contrast, Y in igneous rocks may be associated with several mineral phases: apatite, xenotime, monazite, garnet, amphibole or sphene (Best and Christiansen, 2001; Winter, 2001 ). If Y is not concentrated in apatite in the parent rock, its use as an "organomarker" might be limited. The geochemistry of P, Y, and Cu and the mineralogy of P-, Y-, and Cu-bearing minerals were neither discussed nor appreciated previously with regard to the interpretation of Precambrian paleosols. Moreover, few data are available on the geochemistry of P, Y, and Cu and the mineralogy of P-, Y-, and Cu-bearing minerals for either modern or ancient basalt-derived soils, suggesting a need for future research. We suggest that geochemical and mineralogical signatures of P, Y, and Cu may be useful to distinguish between ligand-promoted versus anoxic dissolution at the time of paleosol formation. Furthermore, documentation of the presence of ligands may lend credibility to the relatively tenuous evidence for early terrestrial organisms.
Cu Mobility over Geologic Time
As mentioned above, the ligand-promoted mobilization of Cu probably increased over geological time with the increase in both the concentration of organic ligands and the proportion of aromatic ligands as fungi, lichens, and vascular plants evolved. Interestingly, the ores of Cu of volcanic origin show a wide distribution over geologic time (starting from ϳ2.9 Ga until the present), but the larger porphyry Cu ore deposits are ϳ500 Ma old, with occurrences increasing over the last 80 Ma (Meyer, 1985) . Supergene enrichment generally is necessary to upgrade porphyry Cu deposits to the status of ore deposits (Guilbert and Park, 1986) , and many have suggested that biogenic processes are important in this supergene Cu enrichment. Proposed biological mechanisms range from a concentration of Cu in bacterial cell walls (Sillitoe and others, 1996) to catalysis by iron-oxidizing bacteria (Melchiorre and Enders, 2003) . Microorganisms may also affect copper carbonate deposition by releasing CO 2 (Melchiorre and Enders, 2003) and organic ligands that complex the Cu (Butt and others, 2001) .
It is possible that, as the abundance of microorganisms and microbially-derived organic compounds increased over geologic time as we have summarized in this paper, supergene enrichment of porphyry Cu deposits also increased, contributing to the changes in the distribution of industrial-grade ore deposits over time. The extremely large affinity of Cu for organic (especially aromatic) compounds may explain why the large Cu porphyry ores show an increase in abundance since ϳ500 Ma when fungi and lichens probably colonized terrestrial environments. conclusions 1) Prokaryotes, the first land-colonizing organisms, commonly secrete aliphatic carboxylic acids. The proportion of aromatic carboxylic acids and concentrations of organic acids in soil solutions probably increased over geological time.
As a consequence, the extent of ligand-promoted dissolution of minerals probably increased as well. 2) Release of all elements including Si was enhanced considerably from basalt in the presence of organic ligands in comparison to ligand-free experiments. The extent of element mobilization was greater for tetradentate and tridentate as compared to bidentate ligands. Monodentate ligands enhanced element mobilization very slightly, if at all. 3) Differences among the ligands used with respect to the extent of element release are best explained by the difference in cation-ligand stability constants. However, aromatic ligands used in the present study had a considerably smaller effect on the enhancement of release of all elements, except of Cu, in comparison to aliphatic ligands. This was attributed to protonation of the functional groups of aromatic ligands at the experimental pH of 6. 4) In contrast, gallate, an aromatic ligand, showed a considerably greater effect on the enhancement of Cu release in comparison to aliphatic ligands. Ligandpromoted mobilization of Cu is thus expected to increase over geological time with an increase in the proportion of aromatic ligands. Cu mobility could therefore be used as an indicator of the presence of fungi and other complex organisms associated with secretion of aromatic ligands. Changes in prevalence of some Cu ore deposits may be related to these trends. 5) In the presence of organic ligands, large quantities of Fe are mobilized from basalt with only minor mobilization of Al even under oxic conditions. Complexation of Fe with organic ligands may be, in principle, a valid mechanism for Fe mobilization in Precambrian paleosols as old as 2.8 Ga. Such soils may therefore have hosted biotic communities. 6) Geochemical and mineralogical signatures of P, Y, and Cu may be useful to distinguish between ligand-promoted versus anoxic dissolution at the time of paleosol formation.
